Optical devices, where light controls light, are of interest to the computing and communications industries due to their potential to vastly improve information capacity and processing speed. One such device is an optical logic gate, based on the interactions of low divergence fields in photorefractive media. Presently, bright solitons in self-focusing photorefractive media offer one attractive possibility. A wide variety of other low divergence fields have also been outlined in recent literature, however, no theoretical model of a single bright soliton propagating in unbiased selfdefocusing photorefractive media is currently available.
INTRODUCTION
Optical devices fabricated from photo-sensitive media are key components in future all-optical communications and alloptical computing systems. Ideally, these devices will use rewritable light induced waveguides to control the direction the light travels 1, 2 . To maximize operating speeds and functionality, the optical circuits that form the basic building blocks of these systems should be as compact as possible 3 . For practical purposes, the fields that write the waveguides are required to have low divergences within the photo-sensitive media, ensuring that the waveguides created by two adjacent beams do not unintentionally overlap. A spatial soliton is one example of a light induced waveguide that is created by a low divergence optical field. This type of soliton has been generated in self-focusing photorefractive media, and has been theoretically and experimentally investigated for many years 4, 5 . In this class of material the self-focusing of the medium balances the natural divergence of the beam, allowing it to maintain its spatial intensity profile as it propagates.
Bright solitons in self-defocusing photorefractive media are a more recently documented phenomenon, as the defocusing medium acts to increase the beam divergence rather than negate it. In 1993, the existence of self-localisation of light in arrays of defocusing waveguides was theoretically predicted 6 , with the nonlinearity of the waveguide array 'switching' the photorefractive medium from self-defocusing to self-focusing. This 'switching' has been experimentally confirmed with waveguide arrays [7] [8] [9] , and with background illumination 10 . Recently, self-focusing was observed in a variety of different BaTiO 3 crystals illuminated with low power Gaussian beams, which suggests that it may be possible for selfdefocusing nonlinear materials to permit a low divergence field to propagate without waveguides or an applied electric field 11 .
In this paper we describe for the first time the conditions necessary for a Gaussian beam to propagate in unbiased selfdefocusing photorefractive Ce:BaTiO 3 with minimal variation in the complex beam parameter, q, that uniquely defines the beam. Due to the dependence of the beam radius and wavefront curvature on q, a constant complex beam parameter implies a Gaussian beam that propagates with an unchanging spatial profile. We present an analysis and experimental evidence of the self-defocusing photorefractive media behaving as an intensity dependent Gradient-Index (GRIN) lens with a negative power. Using this model, we show that the change in beam area and wavefront curvature of the Gaussian field due to defocusing by the GRIN lens can compensate for the change in an initially converging beam arising from diffraction. This is the first instance where self-defocusing photorefractive media has been modelled as an intensity dependent GRIN lens, and where a Gaussian beam propagates with constant beam parameters in unbiased selfdefocusing photorefractive media have been described.
EVALUATION OF THE EFFECTIVE FOCAL LENGTH OF THE MEDIUM
When light with a suitable wavelength travels through a photorefractive material, a waveguide is created with a refractive index profile dependent on the spatial intensity profile of the beam 12 . This effect has been used to create amplitude masks in lithium niobate for information storage and retrieval 13, 14 . In Ce:BaTiO 3 the light induced refractive index change, ∆n, has a nonlinear dependence on intensity [15] [16] [17] . In the event of low intensities the refractive index change will be small (∆n << n 0 ), and a Taylor expansion allows the refractive index to be expressed as:
Therefore, if a TEM 00 Gaussian beam ( ( )
) illuminates the self-defocusing medium, a waveguide will be created that has a refractive index profile close to the beam axis given by:
Here w, the radius of the beam, is taken to be where the intensity falls to e -2 of the intensity on the beam axis, r is the distance away from the beam axis in the transverse direction, and n 2 gives the intensity dependent change in refractive index that arises from the photorefractive effect. Under conditions of low intensity illumination the refractive index can be taken as having a quadratic dependence on transverse distance from the beam axis in Ce:BaTiO 3 18 , as described by equation (2) .
Commercially available Gradient-Index (GRIN) lenses have a similar refractive index variation, given by 19 ;
with an effective focal length in air equal to;
Where A is a positive constant and L is the length of the lens.
Comparing equation (2) with (3) suggests that the Ce:BaTiO 3 crystal behaves as a GRIN lens when the value of A is given by: 
Equation (6) indicates that the effective focal length is proportional to the area of the beam that illuminates the photorefractive medium.
EXPERIMENTAL METHOD
A positive lens with a focal length of 100mm was used to focus a Gaussian beam with an output power of 0.4mW from a 532nm frequency doubled Nd:YAG laser to a beam waist of w 10 = 30µm. The photorefractive Ce:BaTiO 3 crystal with dimensions of 5mm × 5mm × 5mm was placed on a translation stage a distance, d 1 , from the original beam waist, w 10 .
The crystal was then translated along the axis of propagation of the light beam in 1mm increments, as indicated in Figure  1 . Therefore, a smaller far field divergence angle is indicative of a larger beam waist radius and vice-versa. Due to the anisotropy of the medium defocusing only occurs in the horizontal plane, allowing the effect of the self-defocusing medium to be determined by comparing the horizontal and vertical far field divergence angles. 
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The focal length of defocusing medium was evaluated for different values of d 1 to determine if the photorefractive selfdefocusing medium behaves like a negative power GRIN lens, with a focal length given by equation (6). Figure 2 shows the resulting focal lengths, f, found using equations (8) and (9) Figure 2 indicates that the effective focal length of the defocusing medium when illuminated at low beam powers is linearly proportional to the area of the incident beam. This is in agreement with equation (6), and suggests that the medium does behave as a GRIN lens with a negative power when it is illuminated by low input beam intensities. For the conditions described, the corresponding value of n 2 was determined by fitting equation (6) to the data presented in Figure   2 and found to be was evaluated and is shown in Figure 3 as the solid line. This predicted trend corresponds well with the observed behaviour, further suggesting that the material behaves like a GRIN lens with a negative power and a focal length determined by equation (6). Similar behaviour was observed for incident powers in the 0.4mW to 2mW range, however this behaviour was not observed for higher levels of incident power, possibly due to the breakdown of the quadratic approximation (equation 2).
RESULTS

CONDITIONS FOR LOW-DIVERGENCE GAUSSIAN BEAM PROPAGATION THROUGH SELF-DEFOCUSING MEDIA
In the previous sections, it was shown that the self-defocusing medium acts as a negative lens with a focal length determined by n 2 . Using this result, it is possible to determine the characteristics of the beam as it propagates through the photorefractive medium and relate its radius and wavefront curvature to n 2 . In particular it is of interest to find the conditions under which the beam propagates through the medium with minimal divergence.
Since the self-defocusing photorefractive medium can be treated as having a refractive index that has a quadratic dependence on distance from the beam axis, it can be shown that the field is Gaussian at any point inside the medium 18 . Consequently at any location in the medium the field is uniquely described by a complex beam parameter, q(z). The dependence of the beam radius w(z) and wavefront curvature R(z) on the complex beam parameter, q(z), of a Gaussian beam with a wavelength λ, is given by 20 ;
In a medium with a homogenous refractive index the dependence of q(z) on distance is given by [20] : Therefore the total change in area, ∆A Total , as the beam travels through the element can be found by combining equations (12) and (14) (16) is satisfied then the field will propagate through the medium with an unchanging diameter.
However, q(z) that uniquely defines a Gaussian beam also depends on wavefront curvature R(z). After propagating a small distance ∆z towards the beam waist position the change in wavefront curvature due only to the beam's natural convergence is given by:
An analysis of equation (17) shows that the wavefront curvature decreases as the beam propagates until it is a distance equal to half the confocal beam parameter ( λ π / 2 10 w ) away from the waist position. For distances less than this, the wavefront curvature rapidly increases until it is planar at the waist position ( z = 0).
In photorefractive materials such as Ce:BaTiO 3 , the self-defocusing effect will act to increase the wavefront curvature. Therefore, the medium acts analogous to a negative power lens with a focal length f and the relationship between the initial R i and final R f wavefront curvatures is given by;
When the thickness ∆z is small, R f and R i are taken as being approximately the same, with their value evaluated by substituting d 1 , the distance from the lens to the beam waist position into equation (11a). Therefore, the change in curvature due to the effect of the defocusing lens, ∆R Lens , can be written as;
The total change in wavefront curvature of the field is the combination of the change due to the natural convergence of the beam and the change due to the lensing effect.
Inspection of equation (20) shows that the net change in the wavefront curvature of the wavefronts will be zero (∆R Total = 0) when the effective focal length of the lens is given by: The stability of this solution cannot be determined with the simple first order analysis described here, however, a more rigorous model shows that under conditions that satisfy equation (24) that the field can propagate through distances of many metres with changes in beam radius of only 2% 18 .
CONCLUSION
The results presented show that when illuminated with relatively low beam intensities, the refractive index profile created behaves analogously to a negative powered GRIN lens with an effective focal length that is proportional to beam area. Also it was shown that conditions exist under which the intensity dependent refractive index change cancel the change in wavefront curvature and the change in beam area that results from diffraction. Since no change occurs in either beam radius and wavefront curvature, the Gaussian beam will propagate through the photorefractive self-defocusing medium with constant complex beam parameter, q, as a low divergence field. As a field propagating in photorefractive self-defocusing media with low divergence, it could be suitable for use in all-optical circuitry. Further research will focus on experimental confirmation and the phase dependent interactions of these low divergence fields, to determine their ultimate suitability in such devices.
